[1] We examined dozens of aftershock sequences in Hawaii in terms of GutenbergRichter and modified Omori law parameters. We studied p, the rate of aftershock decay; A p , the aftershock productivity, defined as the observed divided by the expected number of aftershocks; and c, the time delay when aftershock rates begin to fall. We found that for earthquakes shallower than 20 km, p values >1.2 are near active magma centers. We associate this high decay rate with higher temperatures and faster stress relaxation near magma reservoirs. Deep earthquakes near Kilauea's inferred magma transport path show a range of p values, suggesting the absence of a large, deep magma reservoir. Aftershock productivity is >4.0 for flank earthquakes known to be triggered by intrusions but is normal (0.25 to 4.0) for isolated main shocks. We infer that continuing, post-main shock stress from the intrusion adds to the main shock's stress step and causes higher A p . High A p in other zones suggests less obvious intrusions and pulsing magma pressure near Kilauea's feeding conduit. We calculate stress rates and stress rate changes from pre-main shock and aftershock rates. Stress rate increased after many intrusions but decreased after large M7-8 earthquakes. Stress rates are highest in the seismically active volcano flanks and lowest in areas far from volcanic centers. We found sequences triggered by intrusions tend to have high A p , high (>0.10 day) c values, a stress rate increase, and sometimes a peak in aftershock rate hours after the main shock. We interpret these values as indicating continuing intrusive stress after the main shock.
1. Introduction
Hawaiian Earthquakes
[2] A variety of patterns characterize aftershock sequences around Hawaiian volcanoes. Some main shocks produce dozens of aftershocks and others very few; some sequences last months or years, and others last a day or two. Rather than just counting aftershocks or measuring rates, we made a systematic study of aftershock sequence parameters. We included apparently isolated sequences, sequences triggered by intrusions, deep and shallow aftershocks, and sequences far from a volcanic center. We want to see if aftershock sequence parameters reveal the proximity of magma, and show the effects of stresses from magma transport. This paper examines several aftershock parameters of potential application to earthquakes anywhere in the world, and applies the analysis to several questions about the workings of Hawaiian volcanoes.
[3] Three active and two dormant volcanoes form the island of Hawaii. The most active volcanoes, Kilauea and Mauna Loa, grow with accumulating lava flows and with intrusions into their rift zones, the latter accommodated by seaward directed spreading on their south and west sides [e.g., Tilling and Dvorak, 1993] . The island of Hawaii boasts a great variety of types of earthquake activity, most of which is associated with Kilauea and Mauna Loa. Intense swarms accompany eruptions and intrusions [e.g., Klein et al., 1987] , long-period earthquakes reveal locations of volcano conduits [e.g., Koyanagi and Chouet, 1987; Wright and Klein, 2006] , large flank earthquakes up to M 7.9 often occur by lateral slip of flank blocks on the decollement surfaces at their base [e.g., Wyss, 1988; Klein et al., 2001] , and upper mantle earthquakes deeper than 20 km occur primarily near the Kilauea and Mauna Loa conduits [e.g., Klein and Koyanagi, 1989; Wolfe et al., 2003] . Lesser numbers of crustal and upper mantle earthquakes occur both onshore and offshore beneath the rest of the island.
[4] Shallow swarms often accompany intrusions into Kilauea's rift zones as the summit deflates as magma drains from the reservoir under the caldera. Some intrusions end in a rift eruption. Larger magma intrusions often compress the adjacent south flank and generate an earthquake response [Dvorak et al., 1986] . The south flank response may be an earthquake swarm without a dominating main shock, a main shock-aftershock sequence, or a combination of the two.
[5] Kisslinger [1996] presents an excellent summary of the analysis and physical interpretation of aftershock sequences. The modified Omori model of aftershock time decay (rate $ (t + c)
Àp [Utsu, 1961] ) generally provides the best fit to observed aftershock data before seismicity returns to background levels, and has a minimum number of free parameters [Kisslinger, 1996] . Kisslinger explores the stretched exponential, epidemic-type aftershock sequence, and full Dieterich models to the aftershock rate curve. We choose the simpler modified Omori model because it has fewer parameters and because we do not need a formula that fits individual secondary aftershock sequences or that models rates as they return to a constant background level.
Physical Basis of p Value Variation
[6] Kisslinger [1996] provides a good overview of the physical basis of variation in p value. There is evidence that p value increases and that aftershocks decay faster in hightemperature areas. Mogi [1962 Mogi [ , 1967 found higher p values on the side of Japan next to the Japan Sea relative those on the Pacific Ocean side, and associated these higher p values with higher crustal temperature and faster stress relaxation. Kisslinger and Jones [1991] found that higher p values in Southern California are in areas of high heat flow: the highest p values greater than 1.35 were in the geothermally active Salton Trough and Walker Pass. Creamer and Kisslinger [1993] found that only fast aftershock decay occurs in areas in Japan with estimated temperature more than 400 o C, and cooler areas can have a range of decay rates. Wiemer and Katsumata [1999] found that p value is correlated with areas of high slip in the four aftershock zones they studied. They hypothesize that areas with more frictional heating produce higher p values. If steady state creep is a mechanism of stress decay after the stress step of a main shock, creep is empirically accelerated at higher temperatures [i.e., Jaeger and Cook, 1969, chapter 11] .
[7] Stress decay must also be considered along with temperature when interpreting p values. Miyatake [1979, 1983] performed numerical experiments and concluded that the p value is larger (faster decay) for more rapidly relaxing stress relaxation times. This is in agreement with Dieterich's [1994, Figure 8 ] modeling of faster aftershock decay with higher rates of logarithmic stress decrease after the main shock.
[8] Fault strength and stress heterogeneity are also important. Mikumo and Miyatake [1979] found that p is larger for a more homogeneous distribution of fault strength. Utsu [1961] also found that p value is larger for a more homogeneous distribution of shear strength on the fault, and for faster recovery of shear strength on the fault. This effect of homogeneity does not seem to be the dominant one in Hawaii because the strength of faults near active volcanic centers such as Kilauea and Mauna Loa is unlikely to be homogeneous given the common occurrence of intrusions, lava flows, and hydrothermal and magmatic fluids. Helmstetter and Shaw [2006] found that a heterogeneous distribution of stress change can lower the p value from the 1.0 value predicted for a uniform stress change, but did not indicate a way to increase p above 1.0 using Dieterich's [1994] rate-and-state friction law.
[9] There is no good evidence that p varies strongly with depth. Davis and Frohlich [1991] found that p was lower for a set of intermediate depth and deep earthquakes than for a set of shallow ridge and transform earthquakes. Nyffeneggar and Frohlich [2000] found the opposite depth behavior: p was higher for two deep earthquakes than for a set of intermediate depth earthquakes, and that neither differed significantly from shallow sequences.
[10] We seek physical interpretations of the Omori decay parameter p of Hawaiian sequences. We also use the modified Omori model to estimate aftershock productivity, and then interpret its variation. Finally, we suggest that properties of aftershock sequences may be used to reveal aspects of stress rates and to identify the presence of magma in other volcanic systems.
Methodology
[11] We chose a model where aftershock rates follow the Gutenberg-Richter and modified Omori laws [e.g., Reasenberg and Jones, 1989] :
where R(t, M) is the aftershock rate at time t after the main shock, for magnitude M and greater. Here, M m is the main shock magnitude, a is the rate parameter, b is the magnitude parameter, c is the time delay parameter, and p is the aftershock decay parameter.
[12] We use a practical definition of aftershocks. We use earthquakes within one week of the main shock to define the aftershock zone, and use this zone to select aftershocks and to determine the background earthquake rate. Aftershocks end as the Omori decay curve reaches a background level. We may thus have included a few background earthquakes in the aftershock counts, but our results do not change because the number of possible background events is small. Rate comparisons before and after main shocks were only done for larger and readily identifiable aftershock zones with lots of earthquakes.
[13] We simplify the aftershock history by ignoring any spatial variability of aftershocks and ignoring lobes of stress change from the main shock. Most main shock focal mechanisms are unknown, and the number of aftershocks is generally too small to compare with calculated stress lobes.
returns to the background rate, or until another main shock occurs.
[15] Our standard aftershock sequence ( Figure 1 , open symbols) follows the Ms 7.2 Kalapana earthquake of 29 November 1975, which is the largest earthquake recorded by the modern Hawaii seismic network. Kalapana is a good standard event because its parameters are well determined and a majority of other sequences are in the same south flank region. We tried using different standard events other than the 1975 Kalapana earthquake, but found the general patterns of parameters, which depend on the choice of a standard event, did not change. The 29 November 1975 decay parameter p = 0.82 is typical of flank earthquakes in Hawaii. The upper curve (Figure 1 ) is for M ! 2.6 aftershocks which are complete as judged by linearity of the frequency-magnitude distribution. The rate curve shown by the line was fit using aftershocks between 0.25 and 100 days after the 29 November 1975 main shock. The first 4 hours of aftershocks are missing because of seismograph failure. After 100 days, the earthquake rate exceeded that extrapolated from the initial aftershock decay curve, and in this case approached a background level of about one earthquake per day.
[16] We want to evaluate the number of aftershocks following different main shocks. Once a, b, c and p are determined for our standard aftershock sequence, we can estimate the expected number of recorded aftershocks N calc for any sequence by integrating equation (1) from the minimum magnitude M min to M m and over the time period of valid aftershock recording. The result uses only the magnitude spread DM = M m À M min . When the number of aftershocks is large, a log(rate) versus log(t) plot similar to Figure 1 is how we choose the time interval that shows normal Omori decay. When the number of aftershocks is small, we choose a standard interval from 0.05 to 5 days following the main shock for counting and calculating aftershock numbers. We used Reasenberg's [1994] program enas to do the integration and estimate the expected number of aftershocks N calc .
[17] An objective measure of aftershock productivity is a quantity we will use to compare different main shocks. We define aftershock productivity as A p = N obs /N calc , where N obs is a count of aftershocks larger than M c . A p can thus be determined for many small sequences which have only a few recorded aftershocks.
[18] Aftershock productivity A p is sensitive to the main shock's magnitude. For example, underestimating the main shock magnitude by 0.3 can cause A p to increase twofold. Productivity values are also sensitive to variations in catalog completeness and magnitude irregularities. Because the ratio A p may have a large error, we plot only its logarithm and interpret only large variations in aftershock productivity, and seek values from many sequences to form a pattern.
Stress Parameters
[19] Dieterich [1994] took a major step in practical seismology when he related changes in earthquake rate to changes in stress. He derived aftershock rates and obtained the modified Omori's law from a constitutive law with rate and state-dependent fault properties. Dieterich models an aftershock sequence resulting from a shear stress step Dt. Unlike the descriptive Omori law, Dieterich physically relates aftershock rates to stress parameters and includes a return to background rates if the stressing rate continues unchanged after the main shock. Dieterich [1994, equation [13] ] expressed the earthquake rate increase above the background rate at the time of the main shock by a stress term
R 0 is the aftershock rate immediately after the main shock at t = 0 but before the rate begins to decay. We use R 0 for earthquakes of the background minimum magnitude M c or greater; r is the background rate. ''A'' is a fault constitutive parameter, generally 0.005 to 0.012 [Dieterich, 1994 [Dieterich, , p. 2604 , Dt is the shear stress change and s is the normal stress. This relation has been experimentally verified [e.g., Gross and Kisslinger, 1997] . We measure R 0 graphically from the aftershock rate curves like Figure 1 or 2a and 2b. Both R 0 and r must be referred to the same minimum completeness magnitude for counting earthquakes, but the completeness magnitudes before and after the main shock may not be the same; b 0 is the slope of the aftershock frequency-magnitude distribution whose rate we are adjusting. R 0 (for a standard background completeness magnitude M c ) can be calculated from R 
If you equate the modified Omori law (equation (1)) with Dieterich's [1994, equation [13] ] rate equation for t ) c, other stress terms can be derived from measurable seismicity rate parameters
where _ t r is the background or reference stressing rate. We abbreviate the exponential expression of a, b, r and DM as the aftershock ''gain'' G, which has the units of days. G is a measure of the sustained aftershock rate relative to the premain shock rate r. Equation (4) relates an empirical but measurable rate expression to a stress expression based on Dieterich's [1994] rate-state friction constitutive law. Equation (4) allows inferences about stress rates to be made from aftershock earthquake rates. The abbreviation and definition of G is arbitrary but convenient. Dieterich [1994] assumes either the applied stressing rate after the main shock is 0 (we do not assume this), or the time for which a and b are measured is before the aftershock rate begins to return to background levels (we do assume this).
[20] The aftershock duration t a and aftershock gain G are useful parameters because they show the stress rate changes of main shocks in different situations. We measure t a directly from the aftershock decay curve as the time when the aftershock rate stops decaying and reaches a constant background rate. Like G, t a can be related to stress rates. t a is the fundamental relaxation time in Dieterich's [1994, equations [12] and [14] ] rate equation where _ t is the stress rate after the main shock; _ t thus has a direct effect on the level of postaftershock background seismicity. Note that G and t a are different quantities depending on stress rate before and after the main shock, respectively, that we will compare later in the paper.
[21] A relation between stress decay and p value falls beautifully from Dieterich's [1994] rate equations: Dieterich's Figure 8 noted that Omori aftershock decay with different decay rates (p values) is consistent with different rates of logarithmic time decay of stress after a main shock. The aftershock decay rate (p = 2.67) of the M 4.3, 24 January 1993 event near Kilauea Caldera (solid triangles), however, is much higher than the others. The three curves are normalized to the same magnitude spread DM = M m À M min = 3.2 between the main shock and aftershock cutoff magnitudes to facilitate rate comparison. The caldera and intrusion aftershock sequences are considerably more productive than the aftershocks of the 16 November 1983 earthquake, which had no known immediate triggering event.
Dieterich added a logarithmic term to the stress history applied to a region after the main shock's stress step t 0 :
If u is 0 or positive (applied stress is constant or increases with the logarithm of time), aftershocks decay with p = 1.0 [Dieterich, 1994] . Aftershocks decay with a range of p values above and below 1.0 for the case of a negative u (post-main shock stress decreases with the logarithm of time). Empirically, Dieterich's figure yields u % Àp/5 (for negative u) after the characteristic time w
À1
, for Dieterich's choice of A, s, and Dt. Thus the faster the stress decay after the main shock, the more rapid the aftershock decay. Dieterich thus provides a physical link between p value and stress decay.
[22] The time parameter c in Omori's law can also be represented using Dieterich's [1994, equations [15] Thus c 0 can be estimated from the initial aftershock rate R 0 and the aftershock frequency-magnitude relation. Dieterich [1994, equation [18] ] refers to c 0 as t e , the time for the rate to merge with the 1/t asymptote. Our quantity c, on the other hand, is determined by fitting the aftershock rate curve directly. The c in the Omori relation is often difficult to estimate from the shape of the aftershock decay curve because it depends on measuring the changes in the aftershock rate immediately after the main shock. The c 0 is also difficult to estimate because it depends on measuring the rate R 0 in the first hour or hours after the main shock.
[23] Stress change Dt, background stress rate _ t r , and c 0 value are determined from aftershock rates and are all related. Dt/As depends on aftershock rate early in the sequence (equation (2)), and As/ _ t r depends on sustained rates (equation (4)). It is therefore sensible that Dt/As and As/ _ t r should be highly correlated. Transforming equation (7) implies there is a linear relationship if the Omori time delay c 0 is a constant
We will examine this relation for Hawaiian earthquakes in more detail later.
Main Shock and Aftershock Selection
[24] We use aftershock sequences from 1960 to 2001 selected from the catalog of the Hawaiian Volcano Observatory (2002 , October 1959 through 2001 Hawaiian earthquake catalog, unpublished annual computer files available at ftp computer sites, through the Council of the National Seismic System and other sources), supplemented with a few well-recorded 1868-1951 aftershock sequences from the historical catalog of Klein and Wright [2000] . Moment magnitudes are only available for a very few Hawaiian earthquakes, and we rely mostly on local magnitudes determined with a Wood-Anderson seismometer, teleseismic surface wave magnitudes, or on scales calibrated against them.
[25] We included as large a selection of main shocks as we could. All M ! 4.8 earthquakes, and many smaller earthquakes that produced at least two aftershocks larger than their completeness magnitude M c , were examined as potential main shocks. We excluded offshore events with poor network coverage. We also excluded swarms at Loihi submarine volcano, which has no aftershocks with Omori decay. The lack of Omori decay suggests that stresses at Loihi are largely magmatic, with rapid variation and no gradual stress buildup that can cause isolated main shocks. Table 1 lists the essential parameters of all the main shocks we used.
[26] Of special interest in our aftershock study are triggered main shocks, namely those with an identifiable causative event stressing the main shock area within minutes, hours or days before the main shock. By this definition, triggered main shocks include flank earthquakes adjacent to an active rift intrusion, and larger aftershocks, which may become ''main shocks'' if they have their own secondary aftershocks. Many earthquakes may be ''triggered'' by a sudden stress increase whose origin is unknown, and we will examine earthquakes where we did not class them as triggered even though they behave like earthquakes with a known triggering event. We searched for and found many triggered sequences but used them only if they had Omori time decay. The flank earthquakes triggered by large intrusions such as December 1974 and June 1982 had several episodes of high swarm activity but had Omori decay only at the end of the sequence when the intrusion had largely ended. Klein et al. [1987] has time plots of the seismicity of these and other intrusions that include Omori aftershock sequences.
[27] We also studied aftershocks of the great M 7.9 Kau earthquake of 2 April 1868 [Wyss, 1988] using the catalog of Klein and Wright [2000] . Including aftershocks of an earthquake this old is remarkable. An excellent diary of Hawaiian earthquakes felt at Hilo, with enough description to determine intensities, exists for 1833-1917 [Wyss et al., 1992b] . We also determined the background seismicity rate before and after the Kau aftershock sequence. The median magnitude corresponding to maximum intensity V earthquakes in this era is 5.3 [Klein and Wright, 2000] . The completeness magnitude of the post-1840 seismicity is about 5.2 because of linearity of the frequency-magnitude relation. Thus the record of intensity V (M 5.3) earthquakes felt at Hilo is probably complete. The Kau earthquake aftershock catalog has 239 M ! 5.2 events in 19 years, after which rapid Omori decay ends and seismicity resumes a more constant rate. Because the 1868 rupture zone includes most of south Hawaii and coincides with the contemporary active seismic zones, we assume that all intensity V or greater earthquakes felt in Hilo or south Hawaii are within the Kau rupture zone.
Observations

Aftershock Decay Parameter p
[28] Our study compiled 40 aftershock p values of good quality rated A, B or C (Table 1 ; details are in given Table 2 ). C-rated sequences are included in plots because their p values have the same geographic correlations as A and B rated sequences and thus reinforce their behavior. Figure 1 ) decays faster than the 29 November 1975 reference earthquake located beneath Kilauea's south flank (open symbols). We must use the same magnitude spread DM = M m À M c to compare the two aftershock curves. The magnitude spread of the 1994 sequence is DM = 5.2 À 1.3 = 3.9. Rather than decimating the 1975 aftershocks with an M min = 3.3 cutoff to get the same magnitude spread, we shift the M ! 2.6 curve downward by a factor of 0.22 to the rate expected for M ! 3.3 aftershocks using equation (3) (open symbols, lower curve, Figure 1 ). The deep 1 February 1994 earthquake thus has a higher initial aftershock rate in the first day, but a faster decay rate.
[30] Examples of three aftershock sequences with contrasting p values are in Figures 2a and 2b . The M 6.7, 16 November 1983 earthquake in the Kaoiki seismic zone, like the M 7.2 November 1975 earthquake (Figure 1 ), is an example of a large flank earthquake with a well-recorded aftershock sequence. The 10 August 1981 sequence follows an M 4.3 earthquake in Kilauea's south flank that was triggered by an intrusion into Kilauea's adjacent southwest rift zone. The p value of this intrusion sequence (0.80) is comparable to other isolated flank earthquakes. The aftershock decay rate of the M 4.3, 24 January 1993 event near Kilauea caldera, however, is much higher. Its 2.67 ± 0.49 p value is the highest we found.
[31] Earthquake sequences of different types have similar p values. Three earthquake classes, shallow (less than 20 km depth), deep, and those triggered by an intrusion or a primary main shock, all have similar peaked p distributions with p mostly in the range 0.7 to 1.1. The p distributions of these three classes have means of 1.03 ± 0.39, 1.05 ± 0.19 and 0.83 ± 0.24 (all 1s errors) respectively. Thus there is no apparent p value dependence on whether the main shock was triggered, and no dependence on depth.
Aftershock Productivity
[32] We estimate the productivity (relative to the standard event) of 130 Hawaiian aftershock sequences with the parameter A p = N obs /N calc (Table 1) . Table 3 lists detailed parameters used in the calculation. For example, we counted 72 aftershocks of the 1 February 1994 earthquake from 0.0125 to 125 days after the main shock ( Figure 1 ) compared to an expected number of 54, for a productivity of A p = 1.3. Note that a productivity calculation of the standard 29 November 1975 earthquake will not always yield exactly 1.0. The productivity calculation uses the parameters a, b, c and p of the standard event, plus the magnitude spread and time window of each sequence, and (1) Before 1968, earthquakes were recorded at HVO on smoked paper. It was common practice to manually advance the pen carriage every revolution of the drum to prevent trace overlap during times of intense seismicity [see Koyanagi et al., 1966, Figure 4 ]. This was done in the first day or so of the aftershock sequence and resulted in more complete recording and catalog completeness in the first hours than in the following days. Thus the catalog of located earthquakes does not determine a good p value. The tabulated p value is from Koyanagi et al. [1966] , who used a graphical fit to a log-log plot of aftershock numbers from 1 to 70 days after the main shock. They also determined the c value from a linear plot of M ! 0.5 aftershocks. (2) The aftershock productivity ratio is not plotted or interpreted because there was not a large enough main shock (as the leading event in an Omori decay period during a swarm) for a meaningful ratio; the observed number of aftershocks (0-1) was too small for a meaningful ratio; or the 1868 earthquake aftershocks in the early days of the sequence have imprecise magnitude estimates and catalog completeness. Depth is in km below the local ground surface; M m is main shock magnitude; M min is minimum (completeness) magnitude of aftershock sequence; N is number of aftershocks larger than or equal to M min and between t 1 and t 2 used to fit the four parameters; p, a, b, and c are parameters of aftershock rate expression; and c is usually not well determined (early aftershock recording is incomplete when c values are in parentheses). The letter (A, B, C etc.) is a quality rating of the p value: A, p(error)/p < 0.3 and N > 100; B, p(error)/p < 0.3 and N > 20; C, p(error)/p < 0.3 and N > 8; D, p(error)/p < 0.6 and N > 8 D quality sequences are too poor to plot or interpret (quality letters in lowercase indicate the p and N values meet the same criteria, but are based on the early catalog with more uncertainty); t 1 is start time of aftershocks used for fitting parameters, days after main shock; t 2 is end time of aftershocks used for fitting parameters, days after main shock. Notes are int, preceded by a rift intrusion; aft: an aftershock sequence following an aftershock; and trig, triggered by the 29 November 1975 main shock. (1) Before 1968, earthquakes were recorded at HVO on smoked paper. It was common practice to manually advance the pen carriage every revolution of the drum to prevent trace overlap during times of intense seismicity [see Koyanagi et al., 1966, Figure 4 ]. This was done in the first day or so of the aftershock sequence and resulted in more complete recording and catalog completeness in the first hours than in the following days. Thus the catalog of located earthquakes does not determine a good P value. The tabulated P value is from Koyanagi et al. [1966] , who used a graphical fit to a log-log plot of aftershock numbers from 1 to 70 days after the main shock. They also determined the c value from a linear plot of M ! 0.5 aftershocks, and the b value from a least squares fit of a frequency-magnitude diagram. We determined b = 1.09 from a maximum likelihood fit of the location catalog. (2) An aftershock of an earlier main shock, which had its own aftershocks. Some aftershocks may be used to fit parameters of both the main and secondary aftershock sequences. The end cutoff time to fit both the main and secondary sequences is the point at which the exponential Omori decay visually deviates from a straight line, whether from a new aftershock sequence, onset of background activity, or resumption of dominance of the primary aftershock sequence. (3) Double main shock of 4.2 and 4.4. (4) This is a ''triggered'' main shock in Kilauea's south flank adjacent to an intrusion in the SW rift zone. Mechanically, the rift was expanding from magma intruded from the summit reservoir and stressing the flank for about a day following the main shock. The first day of the sequence shows a nearly constant earthquake rate without any time decay in rate typical of an aftershock sequence. The curve thus has both constant and decaying portions. This entire sequence was used in fitting the rate curve, which corrupts the P value. The stress from the rift on the aftershock zone in the flank probably stopped about 2 days after the M5.6 main shock when the summit tilt bottomed out, indicating that no additional magma was being fed into the rift zone. The early part of the sequence thus can be viewed as a superposition of an aftershock sequence of the M5.6 event and an intrusive swarm. Large aftershocks with their own aftershocks occurred on 2 January 1975, 0327 LT (M5.0), 3 January 1975, 0732 LT (M5.1) and 4 January 1975, 1532 LT (M4.8). The time after the first two earthquakes was not long enough to record enough aftershocks to fit an individual rate curve before the next large event struck, but the last event (4 January 1975, 1532 LT) yielded a long aftershock sequence and a P value that represents the Omori decay rate of the whole sequence. (5) Double main shock of 5.6 and 5.6. (6) Offshore event more than 60 km outside the seismic network, thus depth is poorly determined. (7) Aftershock sequence truncated by another main shock. (8) Even though this event has one less aftershock than necessary for quality category D, it is included because it is in an area of sparse seismicity and helps resolve which of two other nearby P values best represents this volcanically inactive area. (9) Sequence is missing its first day of aftershocks and is in an area of high background seismicity. The time range is thus shortened at the beginning and end, and the P value is thus unusable. (10) This Kaoiki event occurred at 2015 LT outside the Kalapana aftershock zone on Kilauea's south flank and was ''triggered'' by the 04:47 main shock. (11) This sequence accompanied and followed the intrusion into Mauna Loa's NE rift zone following the summit eruption that occurred entirely on 5 July 1975. The largest events in the sequence were M4.7 at 1447 LT on 7 July 1975 and M4.6 at 0840 LT on 9 July 1975, near the end of the sequence and the event chosen as the ''main shock'' for the parameter fit. The P value thus represents the Omori decay after the intrusion. (12) This is not an aftershock sequence, but a south flank sequence of earthquakes triggered by an east rift zone intrusion and eruption. There is no obvious main shock. The sequence began on 13 September 1977. The two largest earthquakes were M4.2 (15 September, 1850 LT) and M4.2 (23 September, 0208 LT). The sequence was nearly over at the time of the 23 September event, and the 15 September event was chosen the ''main shock'' time. The slight delay of the decline in earthquake rate (C = 0.82 days) probably results from continuing intrusion and persistence of the swarm at the time of the 15 September earthquake. (13) There were two large events in this sequence as M4.7 (21 March 1979, 2047 LT) and M5.2 (27 March 1979, 2130 LT). The larger, second event fits the aftershock decay of the first event, which is the sequence listed in the table. The second event produced a few aftershocks but only enough to suggest a similar aftershock decay to the first event, and not enough to independently determine aftershock sequence parameters. (14) These earthquakes in the south flank were triggered by a SWR intrusion. It is similar to the 31 December 1974 intrusion sequence, but seismicity decays soon after an intense beginning, like a normal aftershock sequence. The largest events occurred early in the sequence on 10 August 1981 (M4.3 at 0820 LT and M4.7 at 0940 LT) but were probably too small for the sequence to be entirely caused by them. The beginning of the sequence is measured from the first M4 event.
(15) The sequence accompanied and followed an eruption/intrusion into Kilauea's SW rift zone. The south flank response to the stress increase was this swarm, which culminated with an M4.2 event on 30 September 1971, 2128 LT 6 days after the swarm began. The intrusion had stopped when this M4.2 event happened and seismicity declined (from the high level of the previous 6 days) with a typical aftershock decay. (16) This sequence was also apparently the south flank response to an intrusion, though no summit collapse or eruption occurred. It may have reflected magma movement in the SWR following the September 1971 eruption. It had 11 M4.0 or larger events during its duration from 23 to 29 December, and the M4.4 (0042 LT) and M4.5 (0138 LT) events on 28 December 1971 were the last of them. After this time, the sequence decreased in time with a typical Omori power law decay. Test fits of the sequence with the Omori function starting after earlier large earthquakes showed level seismicity during the swarm (with a C value of several days) followed by a decay, but the determined P values were corrupted with inclusion of the swarm. (17) This sequence is the flank response to an intrusion into Kilauea's SW rift zone, which occurred during 22 -27 June 1982. There was no large ''main shock'': the largest flank earthquake was M3.4 near the beginning of the sequence. We chose the M3.0 event of 24 June 1982, 2059 LT to represent the ''main shock'' because the intensity of the swarm declined after this time. This is also the time when the summit collapse and tilt ended their sharp drop, signaling that the magma supply to the intrusion ended. This could better be described as a swarm ending with gradually declining seismicity, rather than a main shock -aftershock sequence. (18) This sequence is the flank response to an intrusion into Kilauea's SW rift zone, which occurred during 7 -11 October 1969. The largest event of the sequence was only M3.4 on 8 October 1969, 1417 LT in the middle of the sequence. The sequence is reasonably well recorded and shows a clear Omori decay in the last days of the sequence. The P value is higher that other intrusions in this area but unfortunately is not very precise. (19) The 28 March 1869 (M7.0) earthquake could be considered a foreshock of the great Kau earthquake of 2 April 1868 (M7.9). These flank earthquakes were apparently triggered by the intrusion/eruption in Mauna Loa's SW rift zone. The counted aftershocks are for any earthquakes strongly felt (intensity Vor greater, roughly corresponding to M5.3 or larger) anywhere on the island. We did not require that the earthquake location be precisely known because the rupture zone encompassed much of the south side of the island, because few epicenters are well-located, and because aftershocks dominated seismicity for decades. The parameters for the 28 March 1868 event are not well determined because of the short interval before the great earthquake, but it is included because the P value is consistent with the M7.9 event. All magnitudes are based on maximum intensities, or on isoseismal areas for the larger earthquakes. The imprecise magnitudes and incomplete reporting are adequate for tabulating aftershocks with time. The aftershock record for the month following the M7.9 earthquake is somewhat erratic, but the P value is very well determined by aftershocks between 1 month and 19.4 years (1887) after the main shock. The error in the P value is lower than that stated, which is only based on the first 1000 days of aftershocks. (20) A sequence from the early catalog based on manual processing of two or three stations. The completeness, location certainty, and magnitudes are much less reliable than in the catalog from the 1970s and later. H. Wood served as HVO's seismologist during 1913 -1916 and was more meticulous than the staff was in later years about cataloging earthquakes and measuring their distances and amplitudes. Some sequences are included if they are from an unusual and infrequently active place where earthquakes were easy to distinguish from typical seismicity and where uncertainties may be less important. It is known that the sample of earthquakes assigned to a given region is incomplete, but the aftershock decay rate will be valid if the catalog omissions are random. This is true if the probability of any event being left out or misclassified is independent of time. P values from the early catalog are evaluated using the same quality criteria as the later catalog, but quality letters are shown in lowercase to indicate some additional uncertainty. Except for the 1929 Hualalai and 1951 Kona sequences, these early sequences are not plotted on the map figures because their exact location is uncertain and may interfere with interpretation of modern sequences. (21) The sequence is from an offshore seismic zone about 60 km due east of Maui. A second M6.0 earthquake occurred 14 July 1940 and is counted as an aftershock because it did not generate appreciable aftershocks of its own. (22) The locations of these sequences were classed as Mauna Loa NE rift area, but it is not known if they were on the rift or on an adjacent flank. The low P value of the 21 February 1942 event suggests it is a flank event. This M6.1 event preceded the NE rift eruption by 2 months. The M6.1 event of 27 April 1942 occurred within and near the end of the preeruptive swarm and preceded the eruption by 7 hours. The close time association with the intrusive swarm and eruption and the high P value suggest that the M6.1, 27 April 1942 earthquake was located closer to or within the rift zone than the 21 February 1942 event.
(23) This Hualalai sequence probably represents an intrusive swarm beginning on 18 September 1929, but it certainly involved response on its flanks because the largest events were M 6.2 on 25 September 1929 and M 6.5 on 5 October 1929. The sequence is a swarm with a gradual onset. The last part of the sequence (after 5 October 1929) exhibits Omori decay. The decay is difficult to measure quantitatively because in the 10 days after 5 October 1929, only the largest earthquakes were measured, but later earthquakes were measured to smaller magnitudes. This means that the effective sensitivity of the catalog increased with time as the seismicity decreased, such that the number of earthquakes in any few days was approximately the same. This probably seemed appropriate to HVO at the time before earthquake physics and even the magnitude scale were invented. Therefore the fit of aftershock decay begins 9 days after the largest M6.5 earthquake. will vary depending on the parameter choices. We found that A p calculated from sequences with 2 to 4 aftershocks larger than M c followed the same patterns as productivities from larger sequences, and thus are meaningful. It is important to evaluate A p values based on small numbers of aftershocks when, for example, a large magnitude event produces only 2 or 3 aftershocks and is therefore unusual. We only interpret A p as an approximate number, and statistical uncertainty of individual numbers is acceptable in our study.
[33] The decay curves of Figure 2b show very different aftershock productivities. The three curves are normalized to the same magnitude spread DM = M m À M min = 3.2 to facilitate comparison, by shifting the rate curves using equation (3). The productivity of the 16 November 1983 flank earthquake is normal with A p = 1.00, meaning it produced exactly the number of aftershocks predicted by the parameters of our standard earthquake. The higher relative rates of the intrusion-triggered 10 August 1981 earthquake and the 24 January 1993 event correspond to higher productivities of 11.4 and 12.3, respectively. Higher A p is typical of intrusion-triggered sequences (Table 4) .
[34] The measured post-main shock rate R 0 in earthquakes per day provides a second estimate of aftershock productivity.
To compare different aftershock sequences, we calculate R 0S , the aftershock rate corrected to a standard magnitude spread M min = M m À 4.0 (Table 5) , and compare R 0S to A p = N obs /N calc . Recall that A p requires only 2 or 3 aftershocks to estimate, but R 0S requires enough aftershocks in the first few hours after the main shock to measure the rate and can only be determined for larger sequences. We found log(A p ) = 0.840 log(R 0S ) À 1.927 are linearly proportional with a correlation coefficient of 0.77.
Interpretation of Aftershock Decay Rate
Geographic Distribution of p Values of Shallow Earthquakes
[35] A map view of shallow main shocks (Figure 3 ) shows that the highest p values (triangles) are generally Notes to Table 3 Notes are as follows ''int'' means the sequence was triggered by a rift zone intrusion (it might be either a main shock-aftershock sequence, or a swarm with an Omori (1/t) time decay; see the notes 1 -15); ''aft'' is an aftershock with its own aftershocks; and ''trig'' is a triggered event outside the 29 November 1975 aftershock zone. (1) Flank response from an intrusion. There was no main shock, but the M 3.4 event was the largest and near the middle time of the intense part of the swarm. (2) These two earthquakes (M 4.7 and M 5.1, 6 days later) are in the same sequence. The second event did not have many immediate aftershocks and could be considered an aftershock of the first event because the whole sequence looks like an Omori decay from the first event. The second and larger event is also listed as a main shock, which should have generated more aftershocks than the first event did. (3) This is an aftershock of the 21 September 1979 event, which generated aftershocks of its own. (4) This is the largest event within and at the end of an intrusive swarm. It is preceded by 1.2 days of swarm activity but is followed by an Omori aftershock-like decay. (5) This is the largest event within and near the end of an intrusive swarm. It is preceded by 6 days of swarm activity but is followed by an Omori aftershock-like decay. (6) The ''main shock'' for this sequence is the last of several M 4 earthquakes during this south flank response to an intrusion. This earthquake is followed by an Omori decay. (7) This sequence is the south flank response to a SW Rift intrusion. The M 5.6 event on 31 December 1974 was close to the beginning of the sequence, and the M 4.8 event on 4 January 1975 was near the end. The latter event was followed by an Omori decay. Both were followed by many more events than one would expect from isolated main shocks. (8) This sequence accompanied and followed the intrusion into Mauna Loa's NE rift zone following the summit eruption that occurred entirely on 5 July 1975. This M 4.6 earthquake at 0840 LT on 9 July 1975 is near the end of the sequence and is followed by an Omori decay after the intrusion. (9) This sequence was triggered by an east rift zone intrusion and eruption. The sequence began on 13 September 1977. The two largest earthquakes were M 4.2 (15 September) and M 4.1 (23 September). The sequence was nearly over at the time of the 23 September event. Both events were followed by Omori decay, and both were tested as ''main shocks'' for aftershock productivity. (10) These earthquakes in the south flank were triggered by a SWR intrusion. It is similar to the 31 December 1974 intrusion sequence, but seismicity decays soon after an intense beginning, like a normal aftershock sequence. The largest events occurred early in the sequence on 10 August 1981 (M 4.3 at 0820 LT and M 4.7 at 0940 LT) but were probably too small for the sequence to be entirely caused by them. The beginning of the sequence is measured from the first M 4.3 event, but aftershock numbers were calculated for an M 4.7 event. (11) There was no large ''main shock'' during this 22 -27 June 1982 intrusion: the largest flank earthquake was M 3.4 near the beginning of the sequence. We chose the M 3.0 event of 24 June 1982, 2059 LT to represent the ''main shock'' because the intensity of the swarm declined after this time. This could better be described as a swarm ending with gradually declining seismicity rather than a main shockaftershock sequence. Because there is no event with a large magnitude to serve as a ''main shock,'' it is impossible to calculate how many ''aftershocks'' should be expected from the sequence. (12) This 11 August 1980 sequence is a small intrusion into the east rift zone not previously published. Intrusions with noticeable and typical rift seismicty took place on 30 July and 27 August 1980. This intrusion did not have any accompanying shallow rift seismicity, but there was a small summit deflation indicated by a drop in tilt. The high aftershock productivity also indicates an intrusion took place. (13) This 9 May 1969 event is unusually productive of aftershocks for south flank main shocks in this area. This main shock preceded the Mauna Ulu eruption by 15 days and may have been triggered by a small intrusion or magma movement within the rift preceding the eruption. No shallow rift seismicity or measurable summit deflation accompanied this 9 May 1969 event. Another preeruptive sequence in the south flank during 20 -23 May 1969 probably indicated magma movement or flank instability [Klein et al., 1987 [Klein et al., , p. 1070 . (14) This is an aftershock of the M7.2, 29 November 1975 event, which generated a prolific number of aftershocks of its own. (15) The aftershock set for this early earthquake is probably not complete, and it is omitted from the plots. Ratio not plotted because (1) there was not a large enough main shock (as the leading event in an Omori decay period during a swarm) for a meaningful ratio, (2) the observed number of aftershocks (0 -1) was too small for a meaningful ratio, or (3) the 1868 earthquake aftershocks in the early days have imprecise magnitude estimates and catalog completeness. No aftershocks were located. Even though the ratio is strictly 0, the number of expected aftershocks is also small, and the ratio is really undefined. The last two aftershocks did not have determined magnitudes, but the threshold for obtaining a location at this time was about 2.4. They are counted even though they do not strictly exceed the cutoff magnitude of 2.4. near the active volcanic centers. The rapid aftershock decay of all four sequences near Kilauea caldera probably results from high temperatures (and rapid stress relaxation) near the shallow (3 -7 km depth) magma reservoir below the caldera. The active south flanks of Kilauea and Mauna Loa, including the Kaoiki zone, have normal p values, predominantly between 0.8 and 1.0 (Figure 3 ). These flank areas consist of subaerial flows and clastic deposits [e.g., Swanson et al., 1976] , are distant from known primary magma systems, and thus are areas of lower subsurface temperature. The scattered main shocks in the north part of the island between volcanic centers also have normal p values. Unfortunately, we cannot relate p value to temperature directly because island-wide maps of subsurface temperature and heat flow do not exist. A physical model relating temperature to stress decay is beyond the scope of this paper.
[36] The high p value sequences at Hualalai and Mauna Kea volcanoes are probably related to the continued presence of magma beneath these two volcanoes. These volcanoes are in their post shield-building alkalic stage where eruptions continue but are infrequent [Porter et al., 1977; Peterson and Moore, 1987] . The two offshore main shocks near the submarine extension of Hualalai's NW rift zone have normal p values, indicative of a flank zone, rather than a hot magma center. Hualalai experienced an intense earthquake sequence in September -October 1929. A two-week swarm preceded the largest M6.5 earthquake, which was followed by an Omori decay with a high p = 1.95. The 1929 sequence thus has both swarm and main shock -aftershock characteristics, and could equally be interpreted as either accompanying subsurface magma movement or a large tectonic M min is the minimum completeness magnitude of the background seismicity before the main shock; r is the background earthquake rate before the main shock; M min 0 is the minimum completeness magnitude of the aftershocks; R 0 0 is aftershock rate immediately after the main shock for earthquakes greater than the aftershock minimum magnitude M 0 min ; b 0 is Gutenberg-Richter b value of the aftershock sequence; R 0 is aftershock rate immediately after the main shock for earthquakes greater than the background minimum magnitude M min ; R 0 /r is earthquake rate immediately after main shock relative to background rate, both referred to same completeness magnitude; M C for R 0S is the main shock magnitude minus 4.0 (completeness magnitude for normalized rate); R 0S is normalized aftershock rate immediately after the main shock for earthquakes greater than the aftershock minimum magnitude M C ; R 0S is highly correlated with the aftershock productivity A P ; N OBS /N CALC is the aftershock productivity A P defined as the ratio of the observed to calculated number of aftershocks above the completeness magnitude M min ; t a is aftershock duration when the rate returns to background and some values were difficult to estimate because the sequence did not return to background; Dt is change in shear stress due to the main shock; _ t r is background shear stress rate before the main shock; A is fault constitutive parameter, generally 0.005 to 0.012; s is normal stress; c 0 is estimate of time delay parameter c derived from earthquake rates in equation (5) earthquake under Hualalai's south flank [Wyss and Koyanagi, 1992] .
[37] The Hilea seismic zone (Figure 3 ) is anomalous because it is a flank area located away from known magma centers, but has two high p values. There is no surface evidence for a magma system or high temperature in the Hilea area, but a high-velocity structure discovered by seismic tomography in this area has been interpreted by Park et al. [2005] as an intrusive complex or buried rift zone from an older volcano. This complex could be a source of heat causing high p values. In any case, the wide range of Hilea p values suggest this is a heterogeneous area, perhaps with variable temperature and intermixed zones of rapid and slow stress relaxation.
The p Values of Deep Earthquakes
[38] The p values of four out of five deep earthquakes suggest cool temperatures (Figure 4) . The four main shocks just south of the caldera are within Kilauea's seismically defined magma conduit. Three of these Kilauea sequences have normal p values between 0.8 and 1.0. If the hypothesis that p values smaller than about 1.2 indicate cooler temperatures is correct, then these three deep sequences indicate that the rock near the deeper magma conduit is cooler than the region surrounding the shallow (3 -7 km depth) magma reservoir.
[39] The lack of universally high p values at depth below Kilauea also implies a lack of significant deep (30 -40 km) magma storage, consistent with the lack of other observational evidence for a deep magma storage zone beneath Kilauea. Seismic tomography indicates a broad, elongated low-velocity region below Hawaii but no concentration of low velocities below Kilauea [Tilmann et al., 2001] . Surface deformation does not show inflation of a 30-40 km deep magma body, but the deformation network is not optimally configured to test this. Thus it is probable that magma in Kilauea's conduit at 30-40 km depth passes through the conduit without residing there, and does not heat the surrounding region as much as magma heats the shallow reservoir at 3 -7 km depth.
[40] The M 5.2, 1 February 1994 earthquake places important constraints on deep magma pathways. Its aftershocks extend north from a point 5 km south of the main shock to just below Kilauea caldera in a nearly horizontal zone [Wolfe et al., 2003] . Wright and Klein [2006] interpret this aftershock zone as a part of Kilauea's conduit system because it is within the seismically defined conduit and connects a zone of longperiod (magmatic) earthquakes below and to the south of the 1 February 1994 rupture zone to another LP zone located 5 -17 km directly below Kilauea caldera. The high p value (p = 1.39, Figures 1 and 4) of the 1 February 1994 aftershocks suggests the aftershock zone is associated with higher temperatures within the magma conduit.
[41] Unfortunately, there are not enough deep aftershock sequences to define regions of high and low p values (and by inference regions of high and low temperature). However, the existence of a range of p values (0.9 -1.4) below Kilauea indicates some heterogeneity of warm and cool regions within the conduit. This heterogeneity is compatible with many small, episodically active magma conduits within the larger conduit region defined by deep earthquakes.
Interpretation of Aftershock Productivity
Enhanced Aftershock Productivity After Earthquakes Triggered by Intrusions
[42] The most productive aftershock sequences are triggered by intrusions, or aftershocks of an aftershock of an earlier, primary main shock. The secondary main shockaftershock sequence can be viewed as triggered by the primary, isolated main shock. Of the triggered south flank aftershock sequences (Figure 5 ), four follow large, primary aftershocks of the 29 November 1975 Kalapana earthquake and 11 follow intrusions in one of the two rift zones. In the Kaoiki, one is a secondary aftershock sequence of the 30 November 1974 main shock, and the other was triggered by the 1975 Kalapana earthquake. The Mauna Loa sequence was triggered by the July 1975 summit eruption and NE Rift intrusion.
[43] High A p is not a characteristic of a geographic region, but depends on the stress state at the time. The central south flank from 155°1 0 to 8 0 produces both triggered ( Figure 5 ) and isolated ( Figure 6 ) main shocks, but the triggered aftershock sequences are consistently more productive.
[44] The high A p of triggered main shocks is probably caused by the intrusion or primary main shock adding to the stress step produced by the triggered main shock. The earthquake rate is a nonlinear function of applied stress and time [Dieterich, 1994] such that two stresses added together produce much greater seismicity than the total earthquake rates from each stress acting alone. Isolated main shocks produce a stress step that results in Omori aftershock decay [Dieterich, 1994] . Triggered main shocks, on the other hand, add their large stress step to the continuing stress induced by adjacent intrusions. If the intrusion is still in progress when the main shock occurs, the continuing intrusion stress may add to the main shock's incremental stress. We view aftershocks as caused by the stress step of their main shock, but at rates modulated by rapid increases in external stress caused by the triggering intrusion.
[45] The quantitative time history of stress in the south flank can be derived from observed earthquake rates [Dieterich et al., 2000] . They found the stress rate increased after the 1977 and 1983 intrusions, for example, and quantitatively agreed with geodetic stress models of the intrusions. Thus earthquakes were a ''stress meter.'' The main shock stress steps and intrusion stresses derived from aftershock rates could, in some future study, be modeled to see the stress differences between normal and triggered main shocks in the south flank.
[46] Another way to view the high A p rate of secondary aftershocks (aftershocks of aftershocks) is that secondary aftershocks add to the count of primary aftershocks. This view supports our enhanced post-main shock stress interpretation because the stresses of the two main shocks are added just as the aftershock counts are added. The epidemic-type aftershock sequence [Ogata, 1988] models secondary aftershocks in this way, which can account for 30-50% of total recorded aftershocks [Felzer et al., 2003] .
Aftershock Productivity in the Hilea and Kaoiki Zones
[47] On the basis of the behavior of the south flank, we suspect that high A p > 4.0 sequences (triangles on the maps) are triggered, for example by an otherwise unknown magmatic intrusion. A map of A p might thus show where intrusion stresses are important (Figure 7) . Main shocks in the Hilea zone on the south flank of Mauna Loa have normal A p (0.25 to 4.0), and are not known to be triggered events. Aftershock sequences on the north and west sides of the island are also normal productivity. The two sequences on the north side of Mauna Kea (stars, Figure 7 ) are located far from active volcanoes and are very low productivity sequences (A p < 0.25). What was happening near the Kaoiki at these times? The July 1975 Mauna Loa eruption was anticipated after 25 years of quiescence because it was preceded by 16 months of greatly increased seismicity and summit expansion [Lockwood et al., 1987; Decker et al., 1995] . Two of the Kaoiki's high A p sequences were within this 16-month inflation period. Mauna Loa inflation can enhance coulomb stress and enhance earthquakes in much of the Kaoiki [Walter and Amelung, 2004] . In addition, Kilauea was also in an inflated state during 1974 and had the highest summit tilt observed during 1956 -1985 [Decker, 1987 Figure 42 .5]. There was also high caldera seismicity in 1974 related to inflation. Thus it is very possible that the two high-productivity 1974 Kaoiki sequences were triggered by the nearby and inflating Mauna Loa and Kilauea summit reservoirs, and had their aftershock sequences enhanced by elevated stress.
[49] Two other Kaoiki main shocks were probably triggered. During the four months before the A p = 6.4, 12 April 1970 main shock, tilt indicated that Kilauea was inflating rapidly and four inflationary earthquake swarms occurred under the caldera [Klein et al., 1987] . This inflation probably stressed the Kaoiki in a manner similar to an intrusion to raise the A p of this 1970 event. The 15 December 1974 Kaoiki earthquake (A p = 35, Figure 5 ) appears to be an aftershock of the 30 November 1974 event. It could have experienced stress enhancement by two inflating volcanoes plus the earlier, primary main shock.
[50] The Kaoiki seismic zone is a complicated place because there are time-dependent stresses imposed by calderas and rift zones on two sides, and because there are both normal and high A p sequences. Quantitative models incorporating stresses estimated from inflating calderas and rift zone intrusions [e.g., Wyss et al., 1992a] and from seismicity [Dieterich et al., 2000] may eventually estimate the time history of Kaoiki stresses to which A p can be compared.
Aftershock Productivity Near the Offshore Hualalai NW Rift Zone
[51] High A p values in an area about which little is known may provide insights into the causes of the area's seismicity. The offshore area 40 km northwest of Hualalai has persistent earthquake activity, which culminated with four large aftershock sequences starting on 3 February 1987, 24 and 27 March, and 1 April 1988. The high productivity of 3 of the 4 sequences ( Figure 7 ) suggests that these are triggered by magma intrusions in Hualalai's NW rift zone. The rift is bathymetrically difficult to trace west of the rift mapped by Moore and Chadwick [1995] (dashed line, Figure 7 ), but flat-topped volcanic cones [Clague et al., 2000] indicate that the rift continues at least to the longitude of the high A p aftershock sequences. The southern earthquake cluster coincides with a steep, south facing bathymetric scarp [Moore and Chadwick, 1995; Mark and Moore, 1987] . Thus it is tempting to associate the earthquakes with active Figure 5 . Map of main shocks triggered by rift zone intrusions and of aftershocks (''triggered'' by their primary main shocks) that have their own secondary aftershocks. The symbols are keyed to ranges of the log of the aftershock productivity ratio A p = N obs /N calc . Nearly all triggered sequences are highly productive, perhaps as a result of post-main shock stress from the intrusion adding to the stress step from the main shock to enhance aftershock rates.
normal faults on the flank of a volcanic rift zone, analogous to the subaerial normal faults of Kilauea's south flank. The measurable p values of two of these sequences are normal ( Figure 3 ) and thus we do not associate them with a hightemperature volcanic center. We infer that the high productivity of aftershock sequences near the submarine Hualalai NW rift zone means it is magmatically active. If we accept that Hualalai's NW rift is active, then we must conclude that all high productivity (A p > 4) aftershock sequences in Hawaii are in flanks adjacent to active rifts or calderas.
Aftershock Productivity of Deep Earthquakes
[52] The highest productivities of deep (>20 km) earthquakes are near Kilauea's magma conduit, suggesting triggering by magmatic stresses. Unfortunately, deep main shocks are not well distributed geographically (Figure 8 ). Kilauea's conduit as defined by seismicity is nearly vertical and narrow from 0 to 20 km depth under the caldera, but enlarges and dips southward below 20 km depth [Klein et al., 1987] . Significantly, all three of the sequences that are well north and west of Kilauea have below normal A p and are not associated with magma centers. The two A p > 1.0 offshore main shocks at about 19°latitude (Figure 8 ) are within a deeper part of Hawaii's magma conduit characterized by deep (50 km) seismicity, long-period earthquakes and harmonic tremor [Koyanagi and Chouet, 1987; Wright and Klein, 2006] . Thus each of the deep sequences with A p > 1.0 is associated with a magma conduit, and like shallow Hawaiian earthquakes, there is a good correlation between A p and magma conduit proximity.
[53] We suggest that pulses of magmatic stress trigger most deep conduit earthquakes. The high A p (>1.0) of deep earthquakes is probably accomplished by intrusion-like stress from the magma conduit after the main shock's stress step. Therefore we hypothesize that deep earthquakes near Kilauea's magma conduit are triggered by stress pulses from pressurized magma conduits, analogous to shallow flank earthquakes triggered by intrusions.
6. Interpretation of Aftershock Rates, Duration, Stress Rate, and Stress Change 6.1. Aftershock Duration and Stress Rate Change
[54] Earthquake rates of aftershock sequences permit stress rate estimates that have implications for the types of stresses acting on Hawaiian earthquakes. Table 5 lists various rate and stress-related parameters for the aftershock sequences with measurable background and aftershock rates. Figure 9 affords comparison of the post-main shock stress rate _ t with the pre-main shock stress rate _ t r . We assume the normal stress s is relatively little changed at the time of the main shock. We also assume that the aftershock zone we have chosen to measure a, b, r and t a received significant rupture in the main shock, and thus that the main shock stress change influenced the seismicity rate in the aftershock zone. The equality line _ t r = _ t in Figure 9 separates the main shocks into ones that were accompanied by an apparent increase in the stress rate (above the middle line) from those that decreased the stress rate (below the middle line).
[55] The two largest earthquakes (stars, Figure 9 ) have the longest aftershock sequences, and produced a large apparent stress rate decrease ( _ t ( _ t r ). One would expect large M > 7 earthquakes to relieve regional stress rates. Intuitively, a [Clague and Moore, 1991] and the NW rift of Hualalai [Moore and Chadwick, 1995] . The sequences with higher A p > 1.0 (triangles and circles) are related to Kilauea's magma conduit and to the conduit 60 km south of Mauna Loa. As with the high A p of intrusion-related shallow aftershock sequences, we infer that stresses near the active magma conduit pulse and continue after the stress step from the main shock. large main shock means there will be a larger stress release and a lower earthquake rate after the aftershock sequence ends than the rate before the earthquake. A longer aftershock duration t a is required to reach the lower background rate.
[56] The main shocks with a large stress rate increase (above the _ t = 5_ t r line in Figure 9 ) are mostly triggered by intrusions. Intrusion-triggered main shocks (open symbols, Figure 9 ) do not follow a consistent pattern, but most are accompanied by a stress rate increase.
[57] Most Kilauea south flank (SF) main shocks we studied see a drop in stress rate. The six moderate (M4 or 5) SF earthquakes in Table 5 that were not directly caused by an intrusion plot in the lower left corner of Figure 9 (solid squares). This is because the background earthquake rate in the SF is high, and thus the aftershock duration t a and aftershock gain G are small. The apparent stress rate appears to have been reduced for four of the six moderate SF main shocks. Dieterich et al. [2004] examined the coulomb stress change surrounding these and other SF main shocks in great spatial detail using a revolutionary method of quantifying seismicity rate changes. They mapped the areas of stress rate change surrounding the SF main shocks, but mapping stresses in this way requires high seismicity to measure rates. We use a simpler procedure: we examine earthquake rates in the larger Omori-type aftershock sequences to see the average stress rate changes in the whole aftershock zone. Both studies use earthquake rates and show a net stress rate decrease surrounding most of these moderate SF earthquakes.
Background Stress Rate and Main Shock Stress Change
[58] We found that main shocks with the lowest background stress rate have the largest stress change. The relation between Dt/As and ln(As/ _ t r ) (equation (8)) can be seen graphically in Figure 10 . In other words, regions with a low stress rate tend to fail with a large stress change and with aftershock rates very large compared to the background seismicity rate. We believe this relation between background stress rate and stress change is not a unique property of Hawaiian earthquakes, but is a consequence of an approxi- Figure 9 . Two measures of an aftershock sequence can be related to the shear stress rate before ( _ t r ) and after ( _ t) the main shock using results of Dieterich's [1994] constitutive law applied to earthquake rates. The aftershock duration to the time the earthquake rate returns to its background level t a is As/ _ t. The aftershock ''gain'' above the background rate r, defined as G = 10 a+b(Mm À Mc) /r, is As/ _ t r . These two parameters are uncorrelated for Hawaiian earthquakes but show the situations where the stress rate increased (above the middle diagonal line) or decreased (below the middle diagonal line) at the time of the main shock. Earthquakes with a large stress rate decrease include the largest M > 7 earthquakes (stars). Sequences resulting from a known (open diamonds) or suspected (open squares) rift intrusion are labeled INT. Solid squares are moderate (M 4 or 5) south flank sequences. Abbreviations are caldera, Kilauea caldera; HLE, Hilea; HO, Hualalai offshore; KIL, Kilauea; MLO, Mauna Loa; and SF, Kilauea south flank. Sequences with a large stress rate increase tend to be triggered by an intrusion or located adjacent to an active rift zone or caldera, which is probably the source of continuing stress. mately constant time delay c 0 (equation (8)) and equivalently of a strong proportionality between the two measures of aftershock rate 10 a+b(MmÀMc) and R 0 (equation (7)).
[59] The background stress-rate inferred from aftershock rates has a strong geographical dependence, as seen in a map of ln(As/ _ t r ) = ln(G) (Figure 11 ). The areas with highest stress rates (triangles) are in the Kaoiki zone and in the south flank adjacent to the most active parts of the central east rift zone. These are also very seismically active areas as judged both by high background seismicity and occurrence of large earthquakes [e.g., Klein et al., 2001] . The central south flank has the highest consistent stress rates on Kilauea, and is currently the zone of the highest deformation on the island [e.g., Owen et al., 2000] . The main shocks in areas with the lowest stress rate (diamonds) are mostly in western Hawaii and under the Hamakua coastline, far from the tectonically active south side of the island. Relative aftershock rates provide a new, alternative way to estimate stress rates that supplements other seismic and geodetic methods.
[60] We interpret these high stress rates as a NW trending active zone under Hawaii including the south side of the island. The background stress rates for the two main shocks under Kohala and Mauna Kea (circles, Figure 11 ) indicate that north central Hawaii is locally still being stressed at rates comparable to the active south side of the island. Tilmann et al. [2001] found a broad, $5% seismic lowvelocity zone running SE-NW under the center of Hawaii island at depths of 30-90 km. Thus the main shocks in areas of higher stress rate (Kilauea, Kaoiki, Hilea and north central Hawaii) are underlain by lower seismic velocities, have presumed higher temperatures, are still mobile and are being stressed. In contrast, the NE and west coasts, including offshore Hualalai, are underlain by higher velocities and presumed lower temperatures, and appear to have low background stress rates.
Shape of Aftershock Rate Curves
[61] Aftershock rate curves suggest that stress continues to increase after some main shocks following intrusions. Dieterich [1994, Figure 8 ] calculated synthetic aftershock rate curves where the post-main shock stress t increases logarithmically with time. His results indicate a peak of aftershocks within hours after the main shock before rates decline according to the Omori law.
[62] We looked for and found a rate hump in the best recorded aftershock rate curves that followed intrusions. We selected M 4 or M 5 main shocks that did not obscure their immediate aftershocks, had an excellent fit to the modified Omori curve, and sought sequences where careful manual reading allowed as complete cataloging as possible. Figure 12 shows rate curves of three normal isolated sequences (solid lines) and two intrusion sequences (dashed lines). Rates after the isolated main shocks consistently decline, but intrusion-triggered aftershocks increase to a peak about two hours after the main shock before declining. Dieterich's [1994, Figure 8 ] calculated rate curves also peak around 2 hours after the main shock, suggesting his choice of parameters A = 0.01, s = 20 MPa, Dt = 0.5 MPa, w = 10 s, and u % 0.2 in his equation (6) are appropriate for south Hawaii. The rate humps were not caused by superposed aftershock sequences from a second large main shock.
[63] Clearly, stress that is strong enough to cause hundreds of earthquakes was newly applied by these two 1971 and 1975 intrusions to the volcano flank, and was not just a stress step resulting from a single main shock. The aftershock rate hump following intrusion-triggered main shocks strongly suggests that stress continued to increase, perhaps logarithmically, after the main shock.
Aftershock c (Time Delay) Values
[64] The parameter c (or c 0 ) is the time delay after the main shock when aftershocks begin to decay at the power law rate. The c values are determined by fitting aftershock decay curves (Table 2) , and c 0 values are estimated from rates during the Omori aftershock decay (equation (7)). Table 1 ). Recall that a high c (or c 0 ) Figure 10 . Main shock stress change Dt and background stress rate _ t r can each be estimated from background rate r, aftershock rate R 0 , and aftershock gain G. The plot shows these quantities are highly correlated, as predicted by the relation Dt/As = ln(As/ _ t r ) À ln(c 0 ). The c 0 is approximately the time delay before aftershocks begin to decay at a power law rate. The value c 0 % 0.055 day is typical for Hawaii and is comparable to c values measured from aftershock decay curves; c 0 % 1.0 day can sometimes found for sequences triggered by intrusions. Inset: aftershock rate curves calculated with the modified Omori law. The two curves have the same sustained rate (the same G value) but different c values. The c = 1.0 curve (typical of some intrusion-triggered sequences) has a lower initial aftershock rate R 0 and thus a lower main shock stress change Dt.
value means the rate R 0 (and thus Dt/As) is lower than for similar (same G value) decay curves with a small c value (Figure 10 inset, also equation (7)).
[65] The c values tend to be higher following an intrusion, and lower c values are typical of normal isolated main shocks. A plot of c versus c 0 shows the distribution of each and compares the two values ( Figure 13 ). For most sequences (and all isolated shallow sequences), c 0.05 days and c 0 0.10 days. Also, all c values larger than 0.10 days are either deep or associated with intrusions or suspected intrusions.
[66] Caution must be used interpreting c values, which are not precise numbers. High c values are often observed in global earthquake catalogs, and in local catalogs of computerdetected earthquakes as a result of missing smaller events in the high signal level immediately after the main shock [e.g., Kagan, 2004] . The Hawaiian aftershock catalogs surely have some missed events, but should be relatively complete above the cutoff magnitude M c . This catalog completeness for Hawaii is because the main shocks during intrusions are rarely larger than magnitude 5, because the Hawaii network is dense, and because event selection during the 1970s and 80s was done by manually striving for a large, complete catalog from Develocorder records. Figure 13 shows that for most of the sequences with c > 0.1 day, c 0 increases with c. The discrepancies between c and c 0 suggests that both estimates have errors, but both measure the shape of the aftershock decay curve. In most cases, c 0 > c. This may result from undercounting aftershocks immediately after the main shock, yielding a too-small R 0 and too-large c 0 (equation (7)), while c may be more accurate from fitting the rate curve over a period of several hours. Figure 11 . A stress-rate map of ln(G) = ln(As/ _ t r ), where G is the aftershock ''gain'' and _ t r is the background, pre-main shock stress rate. The highest stress rates (triangles) occur in the active Kaoiki seismic zone and the central south flank adjacent to the most active part of the east rift zone. The lowest stress rates (diamonds) are in the west and NW parts of the island, far from the active south side of the island. Stress rates are also high for two sequences near the central volcanic axis running NW under Hawaii, suggesting that the center of Hawaii is still mobile and being stressed. (Table 2 ) are plotted. The three solid lines are main shocks not preceded by a triggering event, and the dashed lines are two aftershock sequences following intrusions. The intrusion-triggered sequences have noticeable peaks about 2 hours after the main shock. The peaked earthquake rates after the intrusions apparently result from a stress rate increase after the main shock.
[67] Intuitively, c could be high, and the Omori decline of aftershock rates delayed, if the stress rate is high for some time after the main shock: in this case the aftershock rate does not subside as quickly because the main shock's stress is supplemented by additional external stress [Dieterich, 1994, Figure 8] . This interpretation of continuing stress fits our observations of high c values and high aftershock productivity after intrusions.
Discussion
Intrusion-Triggered Main Shocks and Post-Main Shock Stress History
[68] We found several characteristics of Hawaiian aftershock sequences that often are different if the main shock was triggered by an earlier event, such as a magmatic intrusion or an earlier primary main shock. We infer that these characteristics of the aftershock rate curve result from continuing stress external to the main shock.
[69] Nearly all aftershock sequences triggered by an intrusion, or which are secondary aftershocks (aftershocks of aftershocks), have high aftershock productivity A p . Peaked aftershock rate curves provide direct evidence of a post-main shock stress increase after some intrusions. A high c value (prolonged aftershock rates early in the sequence) is another characteristic of many intrusion-triggered aftershock sequences. We also found that most main shocks triggered by magma movement are accompanied by a large increase in stress rate. We infer that the magma conduits that triggered the initial main shock impose the increased stress rate, and that continuing stress after the main shock causes these multiple effects in the aftershock rate.
[70] We suspect that many main shock-aftershock sequences triggered by intrusions have relatively less stress released in the main shock and more stress released by aftershocks than isolated sequences in the same area. Note that higher c values, as observed for triggered sequences, correspond to lower main shock stress changes Dt, as seen from equation (8) and Figure 10 for the same aftershock gain G. Aftershock sequences triggered by intrusions have higher productivity (and presumably higher stress release) relative to isolated main shocks of the same magnitude. These factors argue that stress release is proportionally shifted from the main shock to aftershocks if the main shock is triggered by an intrusion.
Prospecting for Magma and Other Sources of Rapid Stress Change
[71] Kilauea rift intrusions are well cataloged where they correlate with high south flank aftershock activity. We can thus infer that high productivity in other areas implies there was probably an unseen triggering event such as volcano inflation or an intrusion in a nearby rift. We inferred that magma movement triggered several high A p sequences (triangles, Figure 7) . We also inferred that pulses of magma in Kilauea's feeding conduit from the mantle triggered the high A p sequences at depth underneath Kilauea (Figure 8) .
[72] The p values (as a surrogate for temperature) and A p (as an indicator of magmatic stress) should be used together in magma prospecting. High p values indicate rapid stress and Dieterich's [1994, equation [16] ] rate equation was always followed, then c would equal c 0 . The c and c 0 are correlated, but the discrepancy means that earthquake rates are often difficult to measure.
relaxation, higher temperature and proximity to a volcanic center; high productivity and large c values indicate continuing post-main shock stress as from a nearby intrusion in a conduit or rift zone. These measurements are both related to volcanism but with different physical causes.
[73] The p values and A p could thus be used at poorly monitored volcanoes to get a sense of their potential volcanic activity. p value and A p can be determined from the time history of aftershock sequences and need a catalog of earthquake occurrences and magnitudes, but do not need precise earthquake locations requiring a dense seismograph network. A p can be determined from just a few aftershocks larger than the completeness magnitude, whereas a good p determination requires a well-recorded aftershock sequence.
[74] Hill et al. [1995] modeled and related the Long Valley caldera earthquakes triggered by the 1992 Landers earthquake to possible changes in magma pressure mimicking the effects of an intrusion. The triggered Long Valley sequence displayed a modified Omori decay curve with p = 1.25 [Hill et al., 1995] . While the ''main shock'' was not a local earthquake, the triggered earthquakes were within the caldera's south moat adjacent to the resurgent dome where volcanic swarms occur. The Long Valley sequence also had a c value of 0.76 day. We associate large (>0. 
Swarms
[75] Swarms are a characteristic type of earthquake sequence with stress implications. Earthquake swarms do not have a dominating main shock and aftershock sequence [e.g., Mogi, 1963] . Swarms are often characteristic of volcanic areas [e.g., McNutt, 2002] and of induced seismicity [e.g., McGarr et al., 2002] . Fluids under pressures larger than the least principal stress, as necessary for dike emplacement, can produce swarms [e.g., Hill, 1977] . For most volcanic and triggered earthquakes, the stress is imposed by a local source whose rate varies more rapidly than tectonic loading. Toda et al. [2002] established a connection between stressing rate and the seismicity of the 2000 Izu islands swarm. Toda et al. [2002, p. 58 ] stated, ''any sustained increase in stressing rate -whether due to an intrusion, extrusion or creep event -should produce such seismological behavior'' [such as earthquake swarms].
[76] The behavior of aftershocks in Hawaii may refine models of swarms. The association of intrusion triggered aftershock sequences with swarms is strong because many of the aftershock sequences we studied are the terminating phase of swarms. Many Hawaiian aftershock sequences display evidence of external stress changes that associate them with known or invisible intrusions.
[77] This study found a new type of earthquake sequence, aftershocks with enhanced productivity, to add to the sequence types noted by Mogi [1963] ranging from swarms to main shock -aftershock sequences. We suggest that continuing and variable stress, as from an intrusion, may be the distinguishing characteristic of earthquake swarms; and that aftershock sequences with normal productivity and small c values may be characteristic of only a stress step caused by the main shock. This suggests a progression of sequences, depending on the amount and time history of external stress involved, from aftershock sequences with normal decay and productivity (small external stress change), to those with enhanced productivity, to those embedded within swarms, to swarms without main shocks (high and variable external stress).
Summary and Conclusions
[78] We scrutinized several parameters of aftershock sequences on the Island of Hawaii. We considered both isolated main shocks with no apparent triggering event, and flank main shocks triggered by a rift intrusion or primary main shock.
[79] The p value is the decay exponent in the modified Omori rate relationship R(t) $ (t + c)
Àp
. The highest Hawaiian p values (p > 1.20) are found near volcanic centers where the temperature is highest. Deep p values near Kilauea's conduit commonly are smaller than 1.00, and suggest the lack of pervasive high temperature and lack of significant deep (30-40 km) magma storage. A high 1.39 p value of the deep Kilauea 1 February 1994 earthquake suggests it is associated with higher temperatures within the magma conduit.
[80] We conclude that high p values are indicators of high temperature and accelerated stress relaxation, where the stress steps from main shocks decay faster than in the cooler rocks on the volcano flanks. Values of p larger than 1.00 are consistent with faster logarithmic stress decrease after the main shock [Dieterich, 1994] .
[81] We found high aftershock productivity for triggered earthquakes and magma intrusions, and associate high A p with post-main shock stress increases. Aftershock productivity A p is larger than 4.0 for flank earthquakes triggered by intrusions, but is normal (0.25 to 4.0) for isolated main shocks in the same areas.
[82] A region of high A p can identify previously unrecognized magmatic stress. We used high A p sequences in the Kaoiki seismic zone and near Hualalai's offshore rift zone to infer that inflationary or intrusive stresses are acting there. We were able to show that A p is a useful parameter interpreting magmatic stresses because so much is known from years of monitoring Hawaiian volcanism. Each of the seismic zones with high A p sequences also has normal A p sequences in the same area because magmatic stress varies with time. p values (as a surrogate for temperature) and A p (as an indicator of magmatic stress) should be used together in magma prospecting. A p can be determined from just a few aftershocks larger than the completeness magnitude, whereas p determination requires a well-recorded aftershock sequence.
[83] Among deep (>20 km) earthquakes, the highest productivities are near Kilauea's magma conduit. Analogy with the association of intrusions with high A p on Kilauea's rifts suggests that pulses of magmatic stress, rather than constant magma flow, triggers most deep conduit earthquakes.
[84] Background rates, aftershock rates and aftershock duration identify sequences where stress rate increased or decreased at the time of the main shock. Stress rate increased after many intrusions and after many main shocks near active rift zones. Stress rates decreased after large M7-8 earthquakes because they were large enough to relieve regional stress rates.
[85] We found main shocks with the highest stress decrease have the lowest background (pre-main shock) stress rates. This relation can be seen from Dt/As = ln(As/ _ t r ) À ln(c 0 ). The inverse correlation of _ t r and Dt is a consequence of an approximately constant time delay c 0 , and is probably not unique to Hawaiian earthquakes. The c 0 typically is about 0.055 day, but can be close to 1.0 day for some intrusion-triggered main shocks.
[86] Background stress rates are highest in the seismically active volcano flanks on the south side of the island, and lowest in the coastal areas far from volcanic centers. Stress rates are also high for two sequences near the central volcanic axis running NW under Hawaii. This pattern suggests the broad, $5% seismic low-velocity zone running SE-NW under the center of Hawaii is still mobile and being stressed.
[87] Some intrusions are followed by an increasing aftershock rate, which peaks about 2 hours after the main shock. This rate hump is predicted if stress increases logarithmically after the main shock [Dieterich, 1994] .
[88] The c value (the time delay after the main shock when aftershocks begin to decay at the power law rate) reveals cases of magma involvement in stress release in Hawaii. We infer that high c values and continuing high aftershock rates result from continuing stress from magma involvement imposed on the rupture zone after the initial stress step of the main shock.
[89] The p values, aftershock productivity, and c values can be used for magma prospecting in other areas. The Long Valley caldera earthquakes triggered by the 1992 Landers earthquake had a large c value of 0.76 days and a large p value of 1.25 [Hill et al., 1995] , suggesting that an extended stress history as from an increase in magma pressure, and high temperatures played a role in this triggered sequence.
[90] Aftershocks of triggered main shocks (such as after an intrusion, or aftershocks of aftershocks) have these characteristics: (1) high aftershock productivity (almost always); (2) increasing stress rate near the time of the main shock (often); (3) a hump in aftershock rates a couple of hours after the main shock (when it can be measured); (4) high c and c 0 value (often); and (5) a low main shock stress change relative to the background stress rate (often). Thus several lines of evidence suggest the aftershock rate does not immediately subside after triggered main shocks, because additional stress is applied to the aftershock zone after the stress step of the main shock.
